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INTRODUCTION 
The photothermal techniques have been successfully applied as tools for nondestructive 
evaluation (NDE) of inhomogeneous materials. For optically opaque samples, photothermal 
techniques are widely used for detection and characterization of subsurface defects and 
interfaces within the samples [1,2]. For optically transparent samples, photothermal 
techniques are used for absorption mapping of thin films deposited on optical substrates [3], 
biological and medical samples [4]. Due to nondestructive micro-analyses is very important 
for studies ofthin films and interfaces, as well as biological, and medical samples. 
Photothermal techniques with two crossed-beams are developed for highly spatially resolved 
detection, in which the excitation and probe beams interact only in the intersection volume, 
therefore very high spatial resolution in three dimensions can be achieved by tightly focusing 
both beams. Highly resolved depth profiling of weakly absorbing samples can be achieved 
with the photothermal crossed-beam techniques by scanning either the samples or the 
intersection point of both beams along the depth direction. The optical absorbency or 
thermal conductivity inhomogeneities of small, localized regions within larger samples can 
be detected by the technique. In this paper the theoretical investigation on the depth-
profiling capability of the crossed-beam photothermal deflection (PTD) is described in 
detail. The theoretical results provide quantitative evaluation for depth-profiling capability 
of weakly absorbing samples with crossed-beam photothermal techniques. 
THEORY 
Temperature Distribution in Three-Layered Sample 
Consider a three-layered sample, which consists of regions 1, 2, 3 with thicknesses LI, 
Lz, L3 respectively, surrounding by optically non-absorbing medium (regions 0 and 4). A 
Gaussan excitation laser beam with (lie) radius of a, power P and modulation frequency (j) 
normally illuminates the sample along the z-axis. A probe beam is in crossed intersection 
with the excitation beam as shown in Fig.l. The resulting temperature rises T; in the five 
regions satisfy the following differential thermal conduction equations 
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WhereKj , kJk,=Klp,cj, Pi' C, (i=I,2,3,4) are the thermal conductivity, thermal diifusivity, 
density and heat capacity of the region i. Qi (1= 1,2,3) are the heat deposited by the 
absorption of the region i and are given by: 
(2a) 
(2b) 
(2c) 
Here Cti (i= 1,2,3) denote the optical absorption coefficient of region i, Rj (i = 1, 2, 3) are the 
reflective coefficients at the interfaces of region OIl, 112,2/3, respectively. Assuming that 
there are finite temperature steps at the interfaces between regions 1 and 2, 2 and 3, which 
are determined by thermal interfacial resistance Rl2 and R23, the boundary conditions at the 
interfaces are 
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Due to the cylindrical symmetry of the problem, the differential thermal conduction 
equations can be solved by standard Hankel transform technique and the temperature rises 
within the five regions can be expressed as 
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Fig 1 Model of three layered sample and optical beam system. 
where 
Here FI (0) (i= 1,2,3) are the parameters describing the contribution to the temperature rise 
due to the heating in region i. The coefficients A, B, C1, C 2, D1 , D2, El and E2 are 
determined by the boundary conditions. 
The temperature rise in a two-layered sample with interfacial absorption can be obtained 
by assuming the second layer is with very small thickness and finite absorption, or solving 
similar thermal conduction problems. 
Probe Beam Deflection 
After taking the probe beam refraction at the interfaces in the sample into 
consideration, the normal and transverse components of probe beam deflection in the 
surrounding medium in the obliquely crossed PTD configuration are <Pn and <Pt, respectively 
[5]: 
(Sa) 
(Sb) 
479 
Where ni and dnldT (i=1,2,3) are the refractive index and temperature coefficients of the 
refractive index oflayer i, respectively, 00 is the incident angle of probe beam, and Oi 
(i=I,2,3) is the refractive angle at the layer i, which follow Snell law. The normal or 
transverse components of the probe beam deflection are the sum of those caused by the 
temperature gradients within the three layers and can be obtained by substituting the 
temperature distributions within the three layers into equations (Sa) or (Sb). The normal 
deflection is mainly determined by the normal temperature gradient along depth, which has 
more complex relationship with the depth, will not be discussed in this paper. Neglecting the 
deflection caused by the temperature gradient in adjacent medium, the transverse deflection 
signal is obtained as 
+CI(o)exp(-Plz)+Cz(o)exp(Plz)]} x exp(imt) 
1 1 dn2 JL, roo {( ) ()[ [ ] 
--.----:r-)- dzJ• &18 ° YO/r2 J] or2 F2 (0)exp -u2 (z- L]) 2 CO",S2 dT Lt 0 
+DI(o)exp[-pz(z - LI)]+ D2(8)exp[P2(Z - LI)]] x exp(imt) 
_L-j-) dn3 t dzrodO{0(YO/r3)J](or3)[F3(0)exp[-u3(Z- L] - L2 )] 2 CO",S3 dT L, 0 
+E] (0) exp[-P3 (z - L] - L2)] + E2(0)exp[P3(Z - L] - L2)]]} 
x exp(irot) + C.c. (6) 
Where rj = ~ x; + y~ , (i=1,2,3), yo is the offset in y direction, J] is the first-order Bessel 
function of the first kind. 
NUMERICAL RESULTS AND DISCUSSION 
For photothermal imaging or depth-profiling of defects in materials, the image quality is 
determined by resolution and contrast of imaging system. Numerical results are presented to 
analyze the resolution and contrast in depth-profiling of defects in weakly absorbing 
materials by crossed-beam PTD. 
Fig.2 shows the amplitude and phase of the temperature measured at the center of the 
excitation beam (a and b) and the transverse component of the PTD (c and d) as functions 
of depth for a optical glass sample (thickness: Imm, absorptivity: 10 m-1 ) with a absorbing 
flake defect (thickness: lOJlm, absorptivity: 20 m-1 ) located at the center of the sample. The 
temperature along the depth is approximately constant, but in a small region at and around 
the defect the temperature is higher than surrounding due to the stronger absorption of the 
defect than the glass. The width of the region is determined by the defect thickness and the 
thermal diffusion length of the glass. From Fig.2 we can see that the behavior of transverse 
probe beam deflection is similar to the temperature distribution, except that the perturbed 
region broadens due to the finite size of the excitation beam and the oblique incidence of the 
probe beam. From Fig.2 it can be concluded that the amplitude of the transverse deflection 
is very suitable for resolving the defects in weakly absorbing materials. 
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Fig.2 depth distributions of the temperature of the sample (a, b) and transverse 
components of the PTD (c, d), The radius of the excitation beam is 20 !lm and the 
modulation frequency is 1 KHz. The incident angle of the probe beam is 80°. The lateral 
offset between both beams is 14 !lm. 
In crossed-beam PTD the photothermal signal is dependent on the interaction length of 
both beams, which is determined by the radii and the intersection angle of both beams. 
Beside, the depth resolution is dependent on the thermal diffusion length, the radius of the 
excitation beam, and the intersection angle of both beams in the sample, if it is assumed that 
the radius of the probe beam is infinitesimal thin. The resolution of the depth-profiling can 
be quantified by the full-width at half-contrast (FWHC) [6], which represents the minimum 
distance between two adjacent defects. Figs.3-5 show, for a weakly absorbing aqueous 
solution sample with a absorbing flake defect located at the center of the sample, the FWHC 
and contrast of the transverse deflection amplitude as functions of the thermal diffusion 
length of the sample, the radius of the excitation beam, and the intersection angle of both 
beams in the sample, In Figs.3-S it is shown that the FWHC decreases and the contrast 
increases with decreasing the thermal diffusion length of the sample and the radius of the 
excitation beam, and increasing the intersection angle of both beams. Maximum contrast and 
minimum FWHC are obtained when both beams intersect at right angle. In this case, the 
resolution and contrast are approximately independent on the radius of the excitation beam 
and dependent only on the thermal diffusion length of the sample, However, the FWHC is 
approximately proportional to the radius of the excitation beam as the probe beam is 
obliquely incident On the other hand, numerical results also show that the resolution is 
approximately independent on the thermal diffusion length at low modulation frequency. 
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Fig.3 FWHC and contrast of the transverse deflection amplitude image VS the radius of the 
excitation beam. The sample is an aqueous solution with an absorbing flake defect at the 
center and surrounded by water. The modulation frequency is 10KHz, The intersection 
angle of both beams is: (1) 60°, (2) 80°, (3) 90°. 
20 (a) 
~'5 
U 10 
:r: 
~ 
lL.. 5 
o 30 40 50 60 70 80 90 
intersection angle (degree) 
....... 
:;j 
~ 
1ii 
~ 
c: 
0 
u 
12 (b) 
10 3 
8 
6 
4 
2 o~~~~ 30 40 50 60 70 80 90 
intersection angle (degree) 
FigA FWHC and contrast of the transverse deflection amplitude image VS the intersection 
angle of both beams. The excitation beam radius is S J,lm and the sample is the same as in 
Fig.3. The modulation frequency is (1) 1 KHz, (2) 10 KHz, (3) 100 KHz. 
12 25 
10 (a) 
20 
3 (b) 
~ 8 ....... =! 15 6 :~- ~ u 1ii 10 :r: 4 ~ ~ c: 5 2 2 0 u 
0 3 0 
0.1 1 10 100 0.1 10 100 
thermal diffusion length Ut m) thermal diffusion length Ut m) 
Fig.S FWHC and contrast of the transverse deflection amplitude image VS the thermal 
diffusion length. The excitation beam radius is S J,lm. The sample and modulation frequency 
are the same as in FigJ, and the intersection angle of both beams is: (1) 60°, (2) 80°, (3) 90°. 
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For a homogeneous absorbing defect with finite thickness the FWHC increases linearly 
with the defect thickness increasing. When the defect thickness is much larger than the 
interaction length of both beams, the contrast remains constant as shown in Figs.6 and 7. 
Meanwhile the FWHC of the image of a defect with thin thickness is mainly determined by 
the interaction length of both beams and the thermal diffusion length, and the contrast 
rapidly increases with increasing the defect thickness. On the other hand, from Figs.6 and 7 
it is found that the depth dependence of the transverse deflection amplitude can be used to 
determine the thickness of the defect in the sample. 
As in other photothermal techniques the radii of the excitation and probe beams in the 
sample are limited by the optical system and the maximum modulation frequency is limited 
by the signal to noise ratio, and the intersection angle of the two beams in the sample plays 
an important role for the improvements of the resolution and contrast of the photothermal 
depth-profiling system. Increasing the intersection angle can greatly improve the resolution 
and contrast, and the best image quality can be obtained when the two beams are normally 
crossed. 
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Fig.6 FWHC and contrast of transverse PTD image for an aqueous solution sample with an 
absorbing flake defect. The radius of the excitation beam is 5 11m, the modulation frequency 
is 10 KHz, and the intersection angle of both beams is 60° 
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Fig.7 Depth distribution of amplitude (a) and phase (b) of the transverse PTD for an 
aqueous solution sample with an defect thickness: (1) 5 11m, (2) 10 f..lm, (3) 25 f..lm . The 
experimental condition is the same as in Fig.6. 
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Unfortunately, in practical photothermal microscopy, the normal intersection of both the 
excitation and probe beams is usually difficult to be made. Besides, in obliquely crossed 
photothermal deflection configuration the refraction of the probe beam at the surfaces of the 
sample substantially decreases the intersection angle of both beams in the sample. There are 
two effective ways to increase the intersection angle. One is using water or other liquid 
whose refractive index is close to that of the sample as the surrounding medium to diminish 
the effect of the refraction, which may sacrifice the focusing of both beams in the sample. 
The second way makes both beams to obliquely illuminate the surface of the sample [7,8]. 
Comparing with other photothermal depth-profiling techniques the crossed-beam 
photothermal depth-profiling scheme is a highly localized imaging technique. Highly 
resolved images of defects located at any depth of a large sample can be easily obtained. 
Therefore the crossed-beam photothermal depth-profiling technique is well suitable for the 
detection of continuously inhomogeneous depth-dependent absorptivity in a weakly 
absorbing sample. 
CONCLUSION 
The depth-profiling of a weakly absorbing sample by using the crossed-beam PTD 
technique is theoretically described. The effects of the thermal diffusion length of the 
sample, the radius of the excitation beam, and the intersection angle of the excitation and 
probe beams on the depth resolution and contrast of the transverse PTD. amplitude image of 
an optical defect, as well as thermal defect, are discussed. The crossed-beam PTD depth-
profiling technique can detect the defects located at any depth in a sample with high spatial 
resolution. The crossed-beam depth-profiling PTD technique provides a quantitative 
microanalysis tool for the detection of optical or thermal inhomogeneity of weakly 
absorbing samples. Finally, it must be pointed out that the theoretical results presented here 
are still available for crossed-beam thermal lens (refraction) and other similar photothermal 
detection. 
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